This study explored the capability of Pseudomonas putida NCTC 10936 to maintain homeoviscosity after changing the growth temperature, incubating resting cells at different temperatures or at a constant temperature in the presence of 4-chlorophenol (4-CP). After raising the growth temperature from 20 to either 30 or 35 C, the degree of saturation of the organism's fatty acids increased and the ratio of trans to cis unsaturated fatty acids decreased somewhat. In contrast, after the incubation temperature of resting cells was raised (grown at 30 C) from 20 to 30 or 35 C the degree of saturation of the fatty acids remained nearly constant, while the ratio of trans to cis unsaturated fatty acids increased. Incubating resting cells (grown at 30 C) at 20 C in the presence of 4-CP again caused no major changes in the degree of saturation, but cis to trans conversion of unsaturated fatty acids was induced, with a corresponding increase in the trans/cis ratios. Increases in both the saturation degree of the fatty acids and the trans/cis ratio of the unsaturated fatty acids correlated with increases in the fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene intercalated in the bilayers of liposomes prepared from the cells of P. putida NCTC 10936.
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Electron transport phosphorylation (ETP) could be stabilized by adaptive adjustments in the fluidity of the cytoplasmic membrane mediated by changes in fatty acid composition such as those observed. Whether changes in the degree of saturation or in the trans/cis ratio are more effective can be decided by studying P. putida NCTC 10936.
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Microbial adaptation is the process whereby microorganisms respond to changes in the environment, and thus maintain homeostasis. The primary point of contact between microbes and chemicals is the cell envelope, especially the outer and cytoplasmic membranes. It is assumed that maintenance of a certain fluidity of their membranes is a prerequisite for active life, meeting challenges of environmental factors like changes in temperature or the presence of toxic compounds at potentially damaging concentrations. Cells frequently respond to such influences by quantitatively, and sometimes qualitatively, changing their membrane composition. The technical term for this phenomenon is homeoviscous adaptation. 1) Changes in the membrane lipids, especially in the fatty acid composition of the lipid bilayer, are generally believed to play a major role in this process.
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Without these adaptive adjustments, key physical properties (notably membrane fluidity) of the environment of enzymes localized in the lipid phases would be changed. This could have severely negative affects on their activity, together with loss of cytoplasmic membrane integrity and inhibition of the membrane protein and barrier functions, followed by collapse of the proton motive force and ATP synthesis. 8, 9) Stabilization of the ETP against uncoupling during growth on membrane-active substrates, arising from adjustments in the saturation degree of the fatty acids in the cyloplasmic membrane of Acinetobacter calcoaceticus 69-V has been observed. 10, 11) These changes in the fatty acid composition counteract the fluidizing effects of the lipophilic growth substrates by reducing membrane fluidity. 12) However, the ETP of P. putida NCTC 10936 could be stabilized by the conversion of cis to trans unsaturated fatty acids, 13) which is known to occur, as well as changes in the saturation degree, in several strains of P. putida. [14] [15] [16] [17] This raises the question of whether this too is mediated by adaptive reductions in the fluidity of the cytoplamic membrane. Therefore, in the study reported here, the effects of both temperature and 4-CP on the fatty acid composition and fluidity of the lipids of P. putida NCTC 10936 were investigated.
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Materials and Methods
Culture and growth conditions. Pseudomonas putida NCTC 10936 was grown for 16 h in 100-ml shake cultures at 30 C in a medium containing one of the following components (in g/l): sodium acetate, 2 ; yeast extract, 1; NH 4 Cl, 0.76; KH 2 P0 4 , 0.76; K 2 HP0 4 , 0.87; and trace elements. 18) The growth of the organism was monitored by measuring the light absorbance of culture samples at 700 nm (OD 700 ).
Preparation of cell suspensions. After 16 h growth, 80 ml of fresh growth medium was added to 20-ml portions of the culture, and the bacteria were grown for 5 h at 20, 30, and 35 C. A portion of the cells grown at 30 C was harvested by sedimentation at 4,000 Â g for 20 min. Pellets were washed twice in 2 mM imidazole buffer (pH 7.0) at about 4 C and resuspended in the same buffer to give an OD 700 of 0.4. 2.4-ml portions of the cell suspension were then incubated for 2 h at 20, 30, and 35 C or for 2 h at 20 C in the presence of 4-CP (5 and 10 mM). After the growth or incubations were finished the cells were harvested quickly by sedimentation at 4,000 Â g for 5 min.
Lipid extraction. The bacterial lipids were extracted from wet pellets of cells, equivalent to a dry mass of about 10 mg, in a homogeneous chloroform/methanol/ water phase, using a modified procedure of Folch et al. 19) First, the biomass was shaken with 1 ml of methanol for 10 minutes, 2 ml of chloroform was then added and the cells were extracted in the mixture for 30 min. To maximize the yield the extraction steps were repeated twice more, with 3 ml and 2 ml of a chloroform/methanol mixture (2:1) for 10 and 60 minutes, respectively. After combining the three extracts, 1.9 ml of 0.88% aqueous potassium chloride was added, and the resulting mixture was shaken thoroughly before being allowed to settle. To complete the washing procedure the upper aqueous phase was drawn off by aspiration, 1.4 ml of methanol/water (1:1) was added, and the purified lipid in the lower phase was collected. The solvents were then evaporated under nitrogen.
Analysis of fatty acid composition. Amounts of fatty acids in whole-cell hydrolysates were measured as methyl esters by temperature-programmed (170-310 C) gas chromatographic separation on an apolar HP-Ultra 2 capillary column (25 m, 0.22 mm, Hewlett Packard) as described by Härtig et al. 20) To prepare the esters, harvested cells of approximately 10 mg dry mass were saponified with sodium hydroxide, methylated with acidic methanol, extracted in a mixture of n-hexane/tert-butyl ether and base-washed according to the procedure described by MIDI Inc. (www.midi-inc.com) in the technical notes supplied with their microbial identification system. Fatty acid analysis was done using a HP 5890 Series II gas chromatograph (Hewlett Packard) with a flame ionization detector and hydrogen as the carrier gas. The relative amounts of the fatty acids were measured from the corresponding peak areas using HP 3365 ChemStation software (Hewlett Packard). The fatty acids were identified with the aid of standards, using derivatization procedures and mass spectrometry as described by Härtig et al.
20)
Liposome formation and fluorescence measurements. 0.5 mg of each lipid extract was dissolved in 2.0 ml chloroform. Ten l 1,6-diphenyl-1,3,5-hexatriene (DPH, Molecular Probes, Eugene, OR, USA) stock solution (2.3 mg in 40 ml methanol) was added to the dissolved lipid and vigorously mixed, yielding a DPH to lipid ratio of about 1 to 270. The mixture was dried under a stream of nitrogen gas. The labelled, dry lipid was rehydrated and dispersed in 2.5 ml of 10 mM Tris/HCL buffer pH 7.4 (5 mM MgCl 2 ) by 3 min of ultrasonication in a bath sonicator (Elma Transsonic 470/H).
Steady-state-fluorescence polarization was measured with a Hitachi F-4500 fluorescence spectrophotometer provided with a thermostatically-controlled cell holder. The lipid suspension was continuously stirred and the temperature was monitored during the scan. The excitation was set at 360 nm (10 nm bandpass) and the fluorescence intensities were measured at 430 nm (10 nm bandpass) parallel (I k ) and perpendicular (I ? ) to the exciting light. The light scattering from the lipid vesicles was negligible (amounting to at most 1% of the total signal).
The fluorescence anisotropy was calculated from the following equation:
The grating factor, g, 22) is given by the ratio of the vertical to the horizontal fluorescence intensities when the excitation light is polarized in the horizontal direction. A high degree of fluorescence anisotropy implies that the lipid bilayer has a high degree of structural order (and, thus, low fluidity).
Chemicals. The test chemicals used were obtained from Aldrich-Chemie (Steinheim, Germany) and Merck (Darmstadt, Germany). Stock solutions of 4-CP were prepared in dimethylsulfoxide (DMSO). The volume of stock solution added to the bacteria was limited and the final DMSO concentrations were no higher than 1%. Control assays demonstrated that DMSO had no toxic effects at these concentrations.
Results
Influence of growth temperature on the fatty acid composition of the cells and the fluidity of the liposomes
The fatty acid composition of P. putida NCTC 10936 at different growth temperatures is shown in Table 1 . The major components are even-numbered, saturated, cis-monounsaturated and hydroxy straight-chain fatty acids. When the growth temperature was increased from 20 to 35 C, the saturation degree of the C 16þ18 fatty acids (S 16þ18 ) and the ratio of the saturated fatty acids to all fatty acids (S) of the P. putida NCTC 10936 cells gradually increased from 32.5 to 50.5% and from 49.5 to 59.2%, respectively ( Table 1) . The trans/cis ratios of the C 16þ18 fatty acids and the ratio of the trans fatty acids to all fatty acids (T) were low and decreased somewhat following this change ( Table 1) .
Measurements of the fluidity of liposomes prepared from lipid extracts of P. putida NCTC cells grown at 20, 30, and at 35 C confirmed the relationship between growth temperature and degree of fatty acid saturation. Liposomes of cells grown at 35 C had markedly higher fluorescence anisotropy, and therefore lower fluidity, than liposomes from cells grown at 20 C (Fig. 1 C showed that their fluidity vs. temperature functions converged at temperatures above 25 C (Fig. 1) .
Influence of the incubation temperature on the fatty acid composition of the cells (after growth at 30 C) and the fluidity of the liposomes
In cells of P. putida NCTC 10936 grown at 30 C for 5 h and then incubated for 2 h with no carbon and energy source at 20, 30 and 35 C the S 16þ18 and S values remained nearly constant, at about 40 and 55%, respectively (Table 2) . However, the trans/cis ratios were higher in cells incubated at 30 and 35 C (1.1 and 1.2, respectively) compared to those incubated at 20 C (0.3), as were the T values (19.6 and 20.5%, respectively, compared to 9.2%). # Minor amounts of fatty acids (<1%; sum 1-2%) are not shown, but considered for the calculations of S and T (total fatty acid = 100%). Ã 16:0+18:0=16:0+18:0+16:1 !7c+18:1 !7c+16:1 !7t+18:1 !7t (in %). ÃÃ saturated fatty acid/total fatty acid (in %). ÃÃÃ 16:1 !7t+18:1 !7t=16:1 !7c+18:1 !7c. ÃÃÃÃ trans fatty acid/total fatty acid (in %).
Liposomes of cells incubated at 30 and 35
C had similar fluorescence anisotropy values, and in both cases they were higher than those of liposomes derived from cells incubated at 20 C (Fig. 2) . The fluorescence anisotropy curves (fluidity vs. temperature function) of the liposomes derived from cells incubated at the three different temperatures converged at temperatures above 35 C.
Influence of 4-chlorophenol on the fatty acid composition of the cells (after growth at 30
C and incubation at 20 C) and the fluidity of the liposomes Like increasing the incubation temperature, addition of 4-CP led to a conversion of cis to trans unsaturated fatty acids in cells of P. putida NCTC 10936 (Table 3) . After 2 h incubation at 20 C in the presence of 5 mM or 10 mM 4-CP, the trans/cis ratios of the fatty acids increased from 0.3 to 0.8 and 1.3, while the T values increased from 6.8 to 13.8% to 16.0%, respectively. The saturation degrees of the C 16þ18 fatty acids (S 16þ18 ) and of all fatty acids (S) remained nearly constant, at 43-44% and 54-57%, respectively ( Table 3) .
The presence of 4-CP caused concentration-dependent increases in fluorescence anisotropy values in liposomes of cells incubated at 20 C (Fig. 3) , and the fluorescence anisotropy curves obtained in the presence of 0, 5 and 10 mM 4-CP converged at temperatures higher than 25 C.
Discussion
There is accumulating evidence that both increases in the degree of saturation of the fatty acids and conversion of cis to trans fatty acids can modify the fluidity of membrane lipids, and thus compensate for changes induced by fluidizing factors. For instance, it has been shown that growing P. putida strains on acetate, compared to growth on a complex medium in the presence of toluol, or P. oleovorans on octane, compared to growth on citrate, leads to a higher ratio of trans to cis unsaturated fatty acids and a higher degree of lipid ordering, as indicated by increases in the # Minor amounts of fatty acids (<1%; sum 1-3%) are not shown, but considered for the calculations of S and T (total fatty acid = 100%). Ã 16:0+18:0=16:0+18:0+16:1 !7c+18:1 !7c+16:1 !7t+18:1 !7t (in %). ÃÃ saturated fatty acid/total fatty acid (in %). ÃÃÃ 16:1 !7t+18:1 !7t=16:1 !7c+18:1 !7c. ÃÃÃÃ trans fatty acid/total fatty acid (in %).
transition temperature of 4-7 or 18 C, respectively. 16, 23, 24) However, in growing cells of Pseudomonas strains 16, 23) both changes of the saturation degree of the fatty acids by de novo synthesis of saturated and unsaturated fatty acids via the anaerobic pathway 25, 26) and conversion of cis into trans fatty acids by a cis-trans isomerase 27) can occur in parallel. Therefore the elucidation of their contribution to homeoviscousis is difficult.
Moreover, no evidence was presented in the cited studies to demonstrate that these processes stabilize any function of the cytoplasmic membrane. In the study reported here it has been shown that the previously reported stabilization of ETP of P. putida NCTC 10936, mediated by the conversion of cis to trans fatty acids, 13) is probably induced by a reduction in the fluidity of the cytoplasmic membrane.
First, it was shown that, with respect to the fatty acid composition, changes in saturation degree alone are involved in the homeoviscous adaptation of P. putida NCTC 10936 following changes in the growth temperature. Secondly, growing the cells at 30 C and then changing the incubation temperature of resting cells led solely to alterations in the trans/cis ratio of the unsaturated fatty acids. This ratio was higher at 30 C than the value observed at 20 C, but remained nearly constant after further increases in the incubation temperature to 35 and 40 C (cf. Table 4 ). The increase in temperature from 20 to 30 C, shown here to be associated with the conversion of cis to trans unsaturated fatty acids, is shown to be accompanied by stabilization of the ETP against the uncoupling effect of 2,4-dinitrophenol (DNP; Table 4 ). The ETP of P. putida NCTC 10936 can be driven by the oxidation of monosaccharides. Hence, the oxidation of xylose by a membrane-bound, PQQ-dependent glucose dehydrogenase via the respiratory chain is coupled to ATP synthesis in P. putida NCTC 10936.
13) The electron transport can be uncoupled from phosphorylation by the action of DNP. In the presence of 1 mM DNP the P/O ratio is lowered by 36% at 20 C and not changed at 30 C ( Table 4) .
As shown in this paper, a decrease in the fluidity (i.e. an increase in the phase transition temperature of the lipids, which is much better indicated by the T value showing the increase in the trans fatty acids with respect to all fatty acids) occurred after raising the incubation temperature from 20 to 30 C. However, further rises in the incubation temperature had no further effect on the fluidity of the lipids, which is consistent with the absence of further increases in the T value.
Thus, since the fluidity of the liposomes increased with increasing temperatures in the fluorescence measurements (cf. the respective anisotropy vs. temperature curves) the fluidity of the cytoplasmic membrane of whole P. putida NCTC 10936 cells may also increase following rises in temperature. This could be the reason for the high sensitivity of the cells' ETP to the uncoupling effect of DNP at 40 C (Table 4) . Their resistance could be restored completely within 5 min of lowering the incubation temperature from 40 to 30 C. 13) In this time no changes in the fatty acid composition were observed, but the membrane fluidity could have been decreased immediately. The degree of ordering of the lipids, which enables full resistance to the effects of DNP, was probably reestablished. 13) In order to assess the effects of chemically disturbing the order of the lipids, resting cells were incubated with 4-CP. Like other lipohilic chemicals 4-CP (log P ¼ 2:39) should accumulate in the lipid bilayer of the cytoplasmic membrane, while taking a place between the fatty acid side chains. The resulting disturbance of their order can be measured as an increase of the lipid fluidity. 23) ) Resting cells respond as in the incubations with increasing temperatures, with major changes in the trans/cis ratio, but not in the degree of saturation, because again de novo synthesis of fatty acids is impossible (4-CP cannot be used as a carbon and energy source in acetate-grown cells). Within 2 h, 10 mM 4-CP induced the highest conversion of cis to trans fatty acids, but this was accompanied by a lower decrease in fluidity than that induced by raising the incubation temperature (cf. Figs 2, 3 ). This could be the reason why the ETP was stabilized only in the first 10 min of incubation. After this period, both respiration and ATP synthesis of P. putida NCTC 10936 were inhibited strongly by 10 mM 4-CP. 13) Unfortunately, the fluidising effect of 4-CP cannot be reversed as easily as the temperature effect. 4-CP must be removed from the lipid bilayer before the viscosity and, thus, the stability of the ETP can fully recover.
The removal of 4-CP from the cytoplasmic membrane can be accomplished naturally by an energy-dependent efflux system, as has been shown to be available for the elimination of the insecticide lindane from cells of Pseudomonas sp. LE 2. 28) In this species of Pseudomonas, the only observed adaptive responses to the fluidising effects of lindane are increases in the saturation degree of the fatty acids. Thus, the potential effectiveness of the conversion of cis to trans fatty acids in homeoviscous adaptation cannot be investigated with this organism. But, with P. putida NCTC 10936 the respective effectiveness of both the conversion of cis to trans forms, and increases in the saturation degree of fatty acids for the stabilization of the energy generating functions of the cytoplasmic membrane can be compared directly. We will further investigate their relative efficacy in future studies.
